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Wnt signaling is a key regulator of development
that is often associated with cancer. Wingless, a
Drosophila Wnt homolog, has been reported to be
a survival factor in wing imaginal discs. However,
we found that prospective wing cells survive in the
absence of Wingless as long as they are not sur-
rounded by Wingless-responding cells. Moreover,
local autonomous overactivation of Wg signaling
(as a result of a mutation in APC or axin) leads to
the elimination of surrounding normal cells. There-
fore, relative differences in Wingless signaling lead
to competitive cell interactions. This process does
not involve Myc, a well-established cell competition
factor. It does, however, require Notum, a conserved
secreted feedback inhibitor of Wnt signaling. We
suggest that Notum could amplify local differences
in Wingless signaling, thus serving as an early trigger
of Wg signaling-dependent competition.
INTRODUCTION
Wnts are secreted glycolipoproteins that regulate many aspects
of embryonic development, including tissue patterning, cell pro-
liferation, differentiation, and migration. Wnt signaling is also
important during adult life, as it maintains a pool of undifferenti-
ated stem cells and promotes their proliferation (Nusse et al.,
2008). Moreover, deregulation of this pathway leads to uncon-
trolled proliferation and is associated withmany types of cancers
(Clevers, 2006; Segditsas and Tomlinson, 2006; Fodde and
Brabletz, 2007). Wnt signaling has been extensively studied in
the fruit fly, where Wingless (Wg, a founding member of the
Wnt family) also regulates many developmental processes. For
example, Wg signaling modulates both cell fate decisions and
growth in wing imaginal discs. Since patches of wing imaginal
cells that are deficient in Wg signal transduction are progres-
sively eliminated by apoptosis, Wg signaling has also been sug-
gested to act as a survival factor in this tissue (Giraldez and
Cohen, 2003; Johnston and Sanders, 2003).
Here we report thatWg signaling is not intrinsically required for
wing cell survival: wing cells that are made unable to respond to
Wg do survive, as long as they are surrounded by other nonre-
sponsive or growth-compromised cells. This highlights the im-
portance of relative, as opposed to absolute, levels of signaling.366 Developmental Cell 21, 366–374, August 16, 2011 ª2011 ElsevieIndeed, normal cells are eliminated if they are surrounded by
cells that overactivate Wg signal transduction (e.g., as a result
of a mutation in axin or APC). Further characterization of the
process allows us to conclude that it does not require modula-
tion of Myc activity and that it requires the secreted negative
feedback inhibitor encoded by notum.RESULTS AND DISCUSSION
Survival of Wg-Insensitive Cells Depends on the Fitness
of Surrounding Cells
It is well established that, in Drosophila wing imaginal discs,
small patches of cells that cannot transduce the Wg signal
(e.g., lacking the two Wg receptors Fz and Fz2) are eliminated
by apoptosis (Giraldez and Cohen, 2003; Johnston and Sanders,
2003). However, we found that posterior (P) compartmentsmade
entirely ofwg or fz fz2mutant cells survive to the end of larval life.
Although these compartments are reduced in size, they show no
significant increase in the rate of apoptosis (see Figures S1A–
S1E00 available online; see also Couso et al., 1994; Piddini and
Vincent, 2009; Baena-Lopez et al., 2009). Therefore, Wg is not
an absolute survival factor in wing imaginal discs. Instead, it
appears that cell survival/death is influenced by Wg signaling
in reference to the extent of signaling in surrounding cells.
To further characterize the influence of surrounding cells on
the survival of Wg signaling-deficient cells, mosaic tissues con-
taining equal numbers of distinctly marked progenitor cells were
generated. In control experiments, engrailed-Gal4-driven UAS-
Flp was used to generate two populations of wild-type cells,
one marked by the absence of GFP and the other carrying two
copies of a GFP-producing transgene (2xGFP). As can be seen
in Figure 1A, these two cell populations came to occupy approx-
imately equal surface areas. For genetically distinct populations
(e.g., mutant and wild-type at a given locus), any departure from
parity would indicate differential rates of growth or apoptosis.
This was indeed the case when the same FRTs and source of
Flp were used to create mosaic imaginal discs containing
amixture of fz fz2mutant cells (GFP-negative) andwild-type cells
(2xGFP). Few fz fz2GFP-negative mutant cells were recovered in
such P compartments (compare the extent of the GFP-negative
domains in Figures 1Aand1B). This result confirms that, in agree-
ment with previous observations (Giraldez and Cohen, 2003;
Johnston and Sanders, 2003), Wg-unresponsive cells fail to
thrive when they grow alongside wild-type cells. However when
the same recombination system was used to create mosaics of
fz fz2 (GFP-negative) and cyclinA (cycA) mutant (2xGFP) cells,
which are proliferation impaired (Figure S1F) (Lehner andr Inc.
Figure 1. Survival of Wg-Deficient Cells Depends on the Fitness of Surrounding Cells
Twin clones (marked with 2XGFP or the absence of GFP) were generated at maximal frequency in the posterior (P) compartment (marked by a bracket) with
engrailed-Gal4, UAS-FLP. On each panel, green lettering describes the GFP-positive and white lettering the GFP-negative tissue.
(A) Control disc where both twins are wild-type for Wg signaling (wt).
(B) Homozygous fz fz2 mutant cells (GFP-negative) surrounded by wild-type (2XGFP-positive) cells (n = 22/26 discs).
(C) fz fz2 (GFP-negative) cells are partially rescued when juxtaposed to growth-compromised cycA mutant (2XGFP-positive) neighbors (n = 11/15 discs).
(D–F) Twin clones generated using hedgehog-Gal4, UAS-FLP. (D) Few or no arrmutant (GFP-negative) cells surrounded bywild-type (2XGFP) twin cells survive to
late larval stages. (E) arr (GFP-negative) cells are partially rescued when juxtaposed to growth-compromised PCNAmutant (GFP-positive) neighbors (n = 24/24
discs). (F) A basal section from the same disc in (E), processed with antiactivated Caspase- 3 antibody to show apoptotic cells. Most of the Caspase-3
immunoreactivity is in the PCNA/ territory. All panels show single confocal sections. For all figures scale bars represent 50 mm, Anterior is left and Dorsal on top.
Detailed genotypes are listed in the Experimental Procedures.
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Wg Signaling Induces Cell CompetitionO’Farrell, 1989), a different result was obtained. This time fz fz2
mutant cells colonized the P compartment similarly to wild-type
cells in control mosaics (compare the GFP-negative territories
in Figures 1A and 1C).
To confirm and extend the above conclusion, we assessed the
behavior of cells lacking arrow, which encodes the Drosophila
homolog of LRP5/6, an essential Wnt coreceptor (Wehrli et al.,
2000). Using hedgehog-Gal4 andUAS-Flp,we generated a large
number of arrow mutant cells (GFP-negative) during the first
instar stage. In all cases, arrowmutant cells contributed very little
(data not shown; 4/8 discs) or no (Figure 1D; 4/8 discs) tissue to
third instar discs. We could be sure that arrow mutant cells had
been generated (and subsequently eliminated) because the
remainder of the P compartment was made of 2xGFP cells,
which could only arise by the same recombination event that
produced arrow mutant cells. It is likely that in these imaginal
discs, arrow mutant cells are eliminated by apoptosis (Giraldez
and Cohen, 2003; Johnston and Sanders, 2003). In principle,
apoptosis could be the primary event or it could be an indirect
consequence of delamination from the epithelium (Widmann
and Dahmann, 2009). This can be difficult to assess rigorously,
as apoptosis leads to delamination. Nevertheless, in heat-
shock-induced arrow mutant patches, some caspase-positive
arrow mutant cells were detected on the apical side of the
epithelium before any sign of delamination, which normallyDevelopoccurs on the basal side (Figure S1G). Therefore, it is likely that
apoptosis contributes directly to the elimination of arrowmutant
cells, perhaps in combination with delamination. If, instead of
being surrounded by wild-type cells, arrow mutant (GFP-nega-
tive) cells were interspersed with PCNA mutant (2xGFP) cells,
which divide only a few times before exhaustion of perduring
protein (Henderson et al., 1994; Tsuda et al., 2006), their contri-
bution to imaginal discs was strongly enhanced (see the extent
of the GFP-negative territory in Figure 1E). Importantly, this
increased contribution to disc tissue was correlated with a low
rate of apoptosis (Figure 1F). In arrow//PCNA/ mosaic
compartments, the surface density of arrow/Caspase-3-posi-
tive cells was only 12.26 per unit area ± 6.8 (unit area = 104 mm2).
This is in marked contrast with arrow//wild-type mosaics (as
shown in Figure S1G) where the surface density of arrow/ cas-
pase-positive cells was found to be 52.8 per unit area ± 20.3.
Altogether these results show that cells unable to respond to
Wingless can survive and contribute to imaginal discs if they
are surrounded by other signaling-deficient or by growth-
compromised cells.
Cells that Autonomously Overactivate Wg Signaling Kill
Their Wild-Type Neighbors
The above results suggest that a crucial parameter in cell sur-
vival decisions is the relative level of Wg signaling activity inmental Cell 21, 366–374, August 16, 2011 ª2011 Elsevier Inc. 367
Figure 2. Cells that Autonomously Overactivate Wg Signaling Outcompete Their Wild-Type Neighbors
(A and B) Twin clones induced with escargot-Gal4, UAS-FLP. (A) Wild-type control clones. (B) axin mutant (GFP-negative) and wild-type (GFP-positive) twin
clones.
(C) Average surface area (±SD) of the pouch and of the GFP-positive domain in 14 control discs (genotype as in A) and 20 experimental discs (as in B). The area of
the GFP domain (wild-type) is significantly different in the two conditions (p = 7E-12).
(D) Control, wild-type twins generated throughout the P compartment (bracket).
(E) As in (B), axin mutant cells affect wild-type (2XGFP) neighbor twins (compare to wild-type 2XGFP cells in control disc in D).
(F) APC mutant (GFP-negative) and wild-type (2XGFP) twin clones.
(G) Mid-third instar disc of the same genotype as in (E) stained with antiactivated Caspase-3 (red). An optical section through the basal region of the epithelium
(where apoptotic cells accumulate) is shown.
(H) Quantification of the number of caspase-positive cells per surface area in 14 wing discs of the same genotype as in (G). For each disc, caspase-positive cells
were counted throughout the thickness of the wing pouch in three different areas (control A cells in blue, wild-type P cells in red, and axinmutant cells in yellow).
Blue and red bars are significantly different p = 3.5E-6). In all panels, micrographs are single sections and GFP is shown in green. DAPI is in red in (A) and (B).
Developmental Cell
Wg Signaling Induces Cell Competitionneighboring cells. To further test this possibility, we turned to
situations of local excess signaling. Mutations in either axin or
APC, two tumor suppressor genes encoding negative regulators
of Wg signaling, cause cell autonomous overactivation of theWg
pathway (Ikeda et al., 1998; Akong et al., 2002). Such mutations
have previously been shown to trigger overproliferation in wing
discs (Giraldez and Cohen, 2003; Hayward et al., 2006) and a
variety of mammalian tissues (Segditsas and Tomlinson, 2006;
Liu et al., 2000; Satoh et al., 2000; Webster et al., 2000). Mutant
clones were generated and the effect on the growth of sur-
rounding wild-type (GFP-positive) tissue was assessed. In one
set of experiments, axin mutant clones were induced using368 Developmental Cell 21, 366–374, August 16, 2011 ª2011 ElsevieUAS-Flp and esgargot-Gal4, which is expressed throughout
the disc from the first instar stage. As before, control GFP-nega-
tive and 2xGFP cells (both otherwise wild-type and therefore of
equal fitness) were first generated to assess the extent of recom-
bination induced by this source of Flp. Each cell population colo-
nized approximately half of the disc, as expected (Figure 2A). If,
however, wild-type (GFP-positive) cells were confronted with
axinmutant cells during disc development, they became signifi-
cantly underrepresented at the third instar (Figure 2B; compare
the extent of wild-type GFP-positive territory in A and B). For
14 control discs (as in A) and 20 experimental discs (as in B),
we measured the size of the pouch, the central region of ther Inc.
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Wg Signaling Induces Cell Competitiondisc that normally gives rise to the wing proper, as well as the
area of the pouch occupied by GFP-positive cells. As can be
seen in Figure 2C, while the total pouch area is roughly similar
in the two conditions, the area occupied by wild-type GFP-posi-
tive cells is greatly reduced by the presence of axinmutant cells.
Importantly, the genotype of GFP-positive cells is identical in
both experimental situations and it is the presence or absence
of axin mutant cells that affects the growth or survival of wild-
type cells.
One additional feature became apparent when axin mutant
cells (GFP-negative) were generated only in the P compartment
(using engrailed-Gal4 andUAS-Flp, Figure 2E) or only in the ante-
rior (A) compartment (using Ci-Gal4 and UAS-Flp, Figure S2A).
As before, the progeny of such cells were overrepresented at
the expense of wild-type 2XGFP cells (Figure 2E and Figure S2A,
compared with control mosaics in Figure 2D). However, axin
mutant clones generated in one compartment did not spill across
the compartment boundary. Importantly, the presence of axin
mutant patches did not affect larval growth, and therefore the
underrepresentation of wild-type cells was not due to shortening
of the growth period (data not shown). To further confirm the
above result with another mutation that boosts Wg signaling,
we generated mosaic P compartments containing APC mutant
(APC1-APC2 double mutant) and wild-type cells. Like axin
mutant cells, APC mutant cells colonized the majority of the P
compartment at the expense of wild-type P cells but did not
affect the wild-type A compartment (Figure 2F). We conclude
that cell-autonomous activation of Wg signaling allows cells to
take over prospective tissue at the expense of normal cells and
that this behavior is limited by the compartment boundary.
As shown previously by others, small clones of fz fz2 or arrow
mutant cells undergo apoptosis (Giraldez and Cohen, 2003;
Johnston and Sanders, 2003) and, as described above, this
depends on the nearby presence of wild-type, signal-trans-
ducing cells (Figure 1 and Figure S1). To test if autonomous over-
activation of Wg signaling triggers apoptosis in normal sur-
rounding cells, wild-type/axin/ mosaic discs were stained
with antiactivated Caspase-3 (Figure 2G). Relatively young discs
(mid-third instar) were analyzed so that dying cells could be visu-
alized before their elimination. Since mutant clones were gener-
ated only in the P compartment (using engrailed-Gal4, UAS-Flp),
activated Caspase-3 immunoreactivity in the anterior (A) com-
partment provided an internal reference for the background level
of apoptosis. Only occasional caspase-positive cells were de-
tected in this compartment, as expected from previous reports
that relatively little apoptosis takes place in wild-type imaginal
discs (Giraldez and Cohen, 2003). By contrast, many caspase-
positive cells were seen in wild-type posterior cells. For 14 discs,
the density of caspase-positive cells was measured in the
control A compartment, in posterior wild-type cells, and in poste-
rior axinmutant cells (Figure 2H). Caspase-positive immunoreac-
tivity was consistently higher in wild-type posterior cells than in
control anterior cells (compare red and blue bars in H; p =
3.5E-6). Therefore, axinmutant cells trigger increased apoptosis
in neighboring wild-type cells. Such nonautonomous induction
of apoptosis, together with a cell-autonomous increase in
growth (see Figure S2B andMartı´n et al., 2009), is likely to enable
axin mutant cells to overcolonize the tissue. Altogether these
results indicate that relative differences in Wg signaling activityDeveloplead to competitive cell interactions that determine whether cells
die or survive.
The Competitive Nature of axin Mutant Cells Is Myc
Independent
The effect of local differences in Wg signaling is reminiscent of
the phenomenon of cell competition. As shown many years
ago, cells experiencing reduced ribosomal activity (due to muta-
tion in one of the Minute genes, which encode ribosomal sub-
units) are eliminated when they grow alongside wild-type cells
(Morata and Ripoll, 1975; Simpson, 1979; Simpson and Morata,
1981) but are viable if surrounded by other ribosome-deficient
cells. More recently, it was recognized that local differences in
the level of Myc, a key regulator of ribosome biosynthesis
(Grewal et al., 2005; Teleman et al., 2008) also trigger cell
competition in wing discs. For example, cells with extra dosage
ofmyc outcompete surrounding wild-type cells (de la Cova et al.,
2004; Moreno and Basler, 2004). This may be a general phenom-
enon, since a relative excess of Myc has been shown to bring
about cell competition among stem cells in the adult Drosophila
ovary (Rhiner et al., 2009) and to be the underlying cause of
competition induced by other genetic lesions (Froldi et al.,
2010; Ziosi et al., 2010).
Given the documented involvement of Myc in cell competition,
increased Myc activity might conceivably account for the com-
petitive nature of axin mutant cells. However, staining with anti-
Myc showed that the level of Myc protein is reduced in axin
and APC mutant cells (Figures 3A–A00 and Figure S3; see also
Duman-Scheel et al., 2004). As a further test, we used anti-Fibril-
larin, a marker of nucleolar size, which is positively regulated by
Myc (Grewal et al., 2005). No increased staining could be de-
tected within the axinmutant cells (Figures 3B–B’’). These obser-
vations suggest that the competitive advantage of axin cells
is not mediated by increased Myc level or activity. To further
assess the possible involvement of Myc, we tested whether
reduction or increase in Myc expression had any effect on the
competitive nature of axin mutant cells. As expected from the
essential role of Myc in cell growth, expression of a highly active
myc RNAi transgene led to a severe impairment in wing disc
growth, even in discs harboring axin mutant clones (data not
shown). However, milder RNAi-mediated knockdown of myc
(with a weaker RNAi transgene) throughout the P compartment
(functionally confirmed with anti-Myc and anti-Fibrillarin; Figures
3C0 and C00) had no noticeable effect on the ability of axinmutant
cells to take over this compartment (Figure 3C). Conversely,
overexpression of Myc (using a UAS-myc transgene, Figure 3D0)
did not enable wild-type cells to withstand the competition from
axin mutant cells (Figures 3D and 3E).
axin- and Minute-Induced Competitive Interactions
Are Additive
The results above suggest that the competitive advantage of axin
cells is not mediated by an increase in ribosomal number since
Myc, a key regulator of ribosome production, is not involved.
We therefore sought to test if a relative increase in ribosomes
(e.g., by manipulating Minute dosage) might boost the competi-
tive nature of axin mutant cells. A heat-shock-controlled Flp-ex-
pressing transgene was used to induce late (during the second
instar) and sporadic recombination events. This way, and bymental Cell 21, 366–374, August 16, 2011 ª2011 Elsevier Inc. 369
Figure 3. The Competitive Nature of axin Mutant
Cells Is Myc Independent and Boosted by
Minute-Induced Competition
In all the axin//wild-type mosaics, axin mutant cells are
GFP-negative and wild-type cells are GFP-positive.
(A–A00) Myc expression, as detected with an antibody.
(B–B00) Nucleolar size (as judged by anti-Fibrillarin stain-
ing), shown here in a mid-third instar disc. Bottom panels
show reconstruction of a cross-section at the position
indicated by the white line in (B).
(C–C00) Uniform downregulation of myc by RNAi
throughout the P compartment (with engrailed-Gal4). (C).
The efficacy of the RNAi is demonstrated by the down-
regulation of Fibrillarin (C’) and Myc protein levels (C00).
(D and D0) Uniform Myc overexpression throughout the P
compartment (with engrailed-Gal4, anti-Myc shown in D’).
(E) Histogram showing the average fraction of the P
compartment occupied by GFP-positive tissue in control
discs (genotype as in A or B, n = 8) and in Myc over-
expressing discs (genotype as in D, n = 14). Staining and
genotypes are indicated on each panel.
(F–H) Clones induced simultaneously (using hs-flp) and
then allowed to grow for 58 hr before fixation at the end of
larval life (see Experimental Procedures). The genotype of
GFP-negative cells (‘‘winners’’) is indicated in white.
(I) Histogram showing the average size (±SD) of the GFP-
positive area within the pouch in discs of the same
genotype as in (F) (left; n = 4), (G) (middle; n = 8), or (H)
(right; n = 4). Asterisk indicates statistical significance;
p = 0.027.
(J and K) 3D reconstruction of wing discs stained with anti-
Ptc (red) to mark the A cells that line the A/P boundary
(nonboundary A cells express Ptc weakly). Bottom panels
show a cross-section (apical facing up). (J) shows a
control disc (Minute/+) while K shows a wing disc with the
A compartment entirely made of GFP-negative, dual
competitor cells (genotype as indicated). Note the shift of
the Ptc stripe and the reduced size of the P compartment
(axin/+ Minute/+; GFP-positive). In all panels, GFP is
shown in green and DAPI in blue. (C), (D), and (F)–(H) show
single sections while (A)–(A 00), (B–B00), (C0 and C00) and (D0)
show projections.
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competition was allowed to take place only during a relatively
short time, thus limiting the extent of growth and cell killing and370 Developmental Cell 21, 366–374, August 16, 2011 ª2011 Elsevier Inc.allowing any additive effect on competition to
be detected. Under these conditions, axin
(GFP-negative) mutant cells did not have
enough time for extensive takeover and many
wild-type (GFP-positive) cells still remained at
the time of fixation (Figure 3F). Likewise, in
Minute mosaics created with the same recom-
bination protocol,Minute/+ (GFP-positive) cells
still contributed a substantial amount of pouch
tissue when put in competition with GFP-nega-
tive Minute+/+ cells (Figure 3G). Importantly, in
a situation of dual competition (GFP-negative
axin/ M+/+ versus GFP-positive axin/+
M/+), the GFP-positive cells were outcom-
peted in a more pronounced way (Figure 3H).
Quantification of these results is shown in Fig-
ure 3I, where it is apparent that the two forms of competition
are additive. This suggests that the competitive advantage of
axin mutant cells is increased if they are better endowed with
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Wg Signaling Induces Cell Competitionribosomes than their neighbors. This was confirmed by studying
the behavior of anterior (A) compartments made entirely of dually
competitive cells. We used ci-Gal4 and UAS-Flp in a Minute/+
background to generate discs with the A compartment made
entirely of axin/M+/+ (GFP-negative) cells, while thePcompart-
ment was composed of axin/+ M/+ (GFP-positive) cells. In this
situation, A cells appeared to push the A-P compartment
boundary (labeled by the expression of Ptc) toward the posterior,
thus allowing only a small P compartment to develop (Figure 3K,
compare to control disc in 3J). Such dramatic behavior is not
seen for axin mutant cells alone (Figures 2E and 2F). Moreover,
Minute competition largely respects the compartment boundary
(Simpson, 1979; Simpson and Morata, 1981), except for one
particularly strong Minute mutation (Brower et al., 1981). There-
fore, we conclude that the competitive behavior of axin mutant
cells is boosted if they acquire a relative advantage in transla-
tional potential and that this allows the effect of cell competi-
tion to overcome the restriction imposed by the compartment
boundary.
The Competitive Advantage of axin Cells Requires
Notum Activity
Since one would expect competition to be mediated by intercel-
lular communication, it seems likely that autonomous activation
of Wg signaling triggers the release of secondary signals that
induce the elimination of surrounding wild-type cells (see, e.g.,
Senoo-Matsuda and Johnston, 2007 and Rhiner et al., 2010).
One candidate contributory signal is the secreted glypican-spe-
cific phospholipase encoded by notum, also known as wingful
(Gerlitz and Basler, 2002; Gira´ldez et al., 2002). Activation of
Wg signaling triggers the expression of Notum, which, in turn,
suppresses the response to Wg in surrounding cells (Piddini
and Vincent, 2009), possibly by cleaving glypicans from the sur-
face of cells (Kreuger et al., 2004; Traister et al., 2007). We tested
whether Notum participates in Wg signaling-dependent compe-
tition by knocking down notum in axin//wild-type mosaic
tissue. engrailed-Gal4 was used both to induce axin mutant
patches in the P compartment (as before), and to drive expres-
sion of a hairpin RNAi construct against notum (along with
UAS-Dicer to boost silencing). In such imaginal discs, wild-
type GFP-positive cells contributed significantly more tissue
to the pouch than in control discs where notum had not been
knocked down (compare Figure 4A to Figure 2E and see quanti-
fication in Figure 4B). This was accompanied by a reduction in
the contribution of axin cells to the pouch, whose size was largely
unaffected. Similar results were obtained when notum activity
was reduced by mutation, as indicated by the behavior of
axin//wild-type mosaics in a heteroallelic notummutant back-
ground (compare Figures 4C and 4D). Therefore, loss of notum
blunts the ability of axinmutant cells to take over the wing pouch.
Importantly, this is correlated with a significant improvement in
the survival rate of axin+/+ cells surrounding axin/ cells, as as-
sayed with anti-Caspase-3 staining (compare Figure 2G and
Figures 4E–4E0 and see quantitative analysis in Figure 4F). We
conclude that Notum is required for axin mutant cells to trigger
apoptosis in surrounding normal cells and hence to gain a
competitive advantage.
On the basis of the expected epistatic relationship between
notum on one hand and arrow or fz fz2 on the other hand (notumDevelopis expected to be upstream), it seems unlikely that Notum would
contribute to the elimination of cells lacking these signaling
receptors. However, in notum mutant discs (same heteroallelic
combination as above), the recovery of arrow mutant clones
was moderately improved (Figures 4G and 4G0, compare to Fig-
ure 1D; n = 7/10). It is conceivable that this is mediated by an
effect on other signaling pathways, such as those activated by
Hedgehog and Decapentaplegic, which also are modulated by
glypicans (Fujise et al., 2003; Akiyama et al., 2008; Ayers et al.,
2010). Thus, removal of Notum may increase the overall level
of growth factor signaling in arrow mutant cells, resulting in
a detectable cytoprotective effect. Nevertheless, we found that
notum does not contribute to Minute competition since apo-
ptosis was induced at Minute/+/Minute+/+ interfaces irrespec-
tively of whether notum was knocked down or not (compare
the A and P compartments in Figures 4H and 4H0). Altogether
these results identify Notum as a soluble extracellular mediator
of Wnt-induced competition, but not of Minute competition.
Conclusion
One conclusion of our work is thatWg signaling is not intrinsically
required for wing cell survival and that, instead, competitive cell
interactions triggered by local differences in Wingless signal
transduction influence survival decisions. Such local differences
can arise between clones that either cannot transduce the signal
(e.g., fz fz2 or arrow mutant) or overactivate signaling (e.g., axin
or APC mutant). In both cases, the low signaling cells are elimi-
nated. It has been suggested that other forms of cell competition
(Baker and Li, 2008; Moreno, 2008) could be relevant to cancer.
Moreover, mutations in axin and APC are found in a variety of
cancers (Clevers, 2006; Segditsas and Tomlinson, 2006; Fodde
and Brabletz, 2007). Therefore, it is conceivable that humans
precancerous APC or axinmutant cells could acquire a compet-
itive advantage that enables them to clear surrounding normal
tissue, thus contributing to tissue colonization. As we have
shown, this is not mediated by local differences in the activity
of Myc, a key regulator of ribosomal activity and a well-estab-
lished factor of cell competition (de la Cova et al., 2004; Moreno
and Basler, 2004). In fact, the competitive nature of axin mutant
cells was boosted by experimentally increasing their relative
content of functional ribosomes. By analogy, in humans, loss
of axin (or APC) and increased translational potential are two
features that could have additive effects in boosting early tumor
progression and enabling tumors to overcome preexisting bar-
riers to tissue growth.
Although the cell biological basis of Wg signaling-induced
competition remains to be elucidated, we have identified one
important mediator, the secreted phospholipase encoded by
notum. As we have shown, notum knockdown prevents axin
mutant cells from taking over the wing pouch even though these
cells are themselves insensitive to Notum activity (Piddini and
Vincent, 2009). Therefore, the overgrowth of axin mutant cells
is not solely an autonomous consequence of overactive Wg sig-
naling. As a result of high signaling activity, axin mutant cells
secrete Notum, which inhibits signaling in neighboring wild-
type cells (Figure S4). Thus, an initial signaling difference is
amplified and then transduced into downstream events that
lead to the elimination of normal cells, which is required for
axin mutant cells to overgrow and take over the tissue.mental Cell 21, 366–374, August 16, 2011 ª2011 Elsevier Inc. 371
Figure 4. notum Mediates Wnt-Induced but Not Minute Competition
(A-E) Twin patches of axin mutant (GFP-negative) and axin+ (GFP-positive) cells. (A) notum knockdown throughout the P compartment (with engrailed-Gal4).
(B) The average fractional volume (±SD) of the P compartment occupied by GFP-positive tissue in control discs (axin//wild-type mosaics; n = 6; as in Figure 2E)
is less than in discs that, in addition, express the notumRNAi transgene (n = 8; genotype as in A); p = 0.00058. (C andD) In notummutant larvae (D, genotypewf 141/
Df3(3L)st-f13), axin+ cells (GFP-positive) are no longer outcompeted by axinmutant cells (n = 19/25; compare to competition in a notum+/+ background as in (C),
where competition was observed in 15/18 cases). Top left insets show the imaginal discs in their entirety. (E and E0) Experiments as in (A), stained for activated
Caspase-3.
(F) For individual discs, the surface density of caspase-positive cells in A (control) and P (outcompeted) cells wasmeasured to generate an A/P ratio (the lower the
ratio the stronger cell competition). Such ratios were compared for discs with normal (notum+/+; 14 discs) or knocked down notum activity (notumRNAi; 15 discs).
(G and G0) Twin clones of arrow mutant (b-Gal-negative) and wild-type (b-Gal-positive) cells in a notum mutant background (compare with Figures 1D and 1E).
(H and H0) Knockdown of notum by RNAi throughout the P compartment with engrailed-Gal4 does not affect Minute/+ (GFP-positive) versus wild-type (GFP-
negative) cell competition. Active Caspase-3 staining in red.
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Drosophila Stocks
Detailed information about the Drosophila stocks is given in the Supplemental
Experimental Procedures along with a list of all the genotypes analyzed.
Antibody Staining
The following primary antibodies were used: mouse anti-Wg 4D4 (prepared
from cells obtained from the DSHB), rabbit antiactivated Caspase-3 (Cell
Signaling Technology), guinea pig, anti-D-myc (a gift of M. Milan and G.
Morata); mouse anti-Ptc (DSHB); rabbit anti-Phospho-Histone H3 (Upstate
Biotechnology); mouse anti-Fibrillarin (AbCam); chicken anti-b-Gal (AbCam).
Secondary antibodies used were Alexa-conjugated anti-mouse, anti-rabbit,
and anti-guinea pig (Molecular Probes, Eugene).372 Developmental Cell 21, 366–374, August 16, 2011 ª2011 ElsevieHeat-Shock Induction of Mutant Clones
Mitotic recombination was induced by heat-shocking larvae for 1 hr at
37C. To compare the strength of competition between axin, Minute, and
axin+Minute (Figures 4A–4D), larvae of the relevant genotypes were heat-
shocked simultaneously at various stages of development and then allowed
to grow for the same length of time. Those reaching the end of larval life (ante-
rior spiracle eversion) simultaneously (58 ± 1 hr in the experiment shown) were
fixed and analyzed. This ensured that competition was allowed to happen over
the same time across different larvae and genotypes even if they grew at
different rates (M/+ larvae are slower than normal).
Imaging, Image Analysis, and Quantifications
Details on image analysis, tissue volume measurements and counting of Cas-
pase-3-positive cells are provided in Supplemental Experimental Procedures.r Inc.
Developmental Cell
Wg Signaling Induces Cell CompetitionAll error bars and error estimates represent one standard deviation. Statistical
significance was assessed using Student’s paired t tests.
SUPPLEMENTAL INFORMATION
Supplemental Information includes four figures and Supplemental Experimen-
tal Procedures and can be found online at doi:10.1016/j.devcel.2011.06.021.
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